Introduction
Innovation is a primary factor for firms' competitiveness and growth prospects. R&D and other forms of innovation are often supported by governments due to the public nature of knowledge generated by such activities, which leads firms to under-invest in R&D with respect to the socially desirable value. Market failures induced by knowledge externalities and information asymmetries have motivated the adoption of a large spectrum of policy measures (IPRs laws, direct funding, fiscal incentives, low interest rates, public research, etc.). However, due to increasing constraints on public budgets, the focus of innovation policies, particularly in Europe, has recently shifted to strengthening firms' technological competencies by stimulating R&D collaboration with universities (Becker, 2014) .
Much is known about the factors driving firms to cooperate in R&D and, in particular, to establish research agreements with research institutions (namely, universities and R&D centres).
The evidence shows that these collaborations allow firms to internalize the external (spillover) effects associated with the creation of new knowledge, and to spread costs and risks implied by breakthrough R&D projects (Cassiman and Veugelers 2002) . Cooperation agreements also reduce coordination costs and information leakages with partners, which are hindrances to R&D investments (Segarra-Blasco and Arauzo-Carod 2008) . Consistent with the predictions of industrial organization models, numerous empirical papers have shown that firms engage in R&D collaborations when the related benefits are above a certain threshold (Veugelers 1998 ).
There is an important aspect of the relationship between firms and R&D partners which has received less attention in the literature. This relates to the intensity of firms' collaborative effort and to the factors that can affect such intensity. This issue is relevant not only for firms'strategic aims but also for the identification of the best mix of innovation policy instruments, necessary to raise private R&D effort towards the socially optimum value (Becker 2014) . The first objective of this paper is to fill this gap in the literature and to analyse the determinants of the intensity of the firms' R&D collaboration with universities, alongside the determinants of the decision to participate in an R&D cooperation agreement. Our study recognises that, besides universities, other partners can be involved in research cooperation and that there are complementarities among different types of agreements, involving different agents.
We therefore consider firms' collaboration with companies belonging to the same business group and with unaffiliated firms.
Another distinguishing feature of our analysis is the data used. Unlike the large majority of studies on research cooperation, which rely on the Community Innovation Survey (CIS), we make use of novel survey data on manufacturing firms from seven European countries over the period 2007 -2009 . These data provide detailed information on several firm-and industry-level characteristics that allow us to correctly identify the factors that influence companies' decision to cooperate in R&D and the intensity of the cooperation.
Our empirical analysis is based on the estimation of a simultaneous equation system for each cooperation type, i.e. with university, affiliated and non-affiliated firms. This method accounts for possible unobservable factors influencing the different forms of collaboration and the intensity of R&D cooperation with different partners. We also control for reverse causality and simultaneity problems by adopting a full-information approach and extend the multivariate models of R&D cooperation with reduced-form equations for the potentially endogenous regressors (namely, firm's knowledge base and appropriation abilities).
We find that firm's knowledge base, appropriation abilities and incoming spillovers determine the intensity of the company's effort in R&D cooperation with universities (and comparably with external group firms). Also, cooperation intensity with institutional actors increases with the costs of innovation and with the pressure of market competition (but only if competition is not based on product quality improvement). Overall, our results indicate that a large portion of the collaborative effort in R&D can be explained by those factors that, in the literature, have been identified as drivers of cooperation probability. Conversely, R&D cooperation among firms belonging to the same business group seems to be affected by the characteristics of the head firm and how it organizes R&D and other activities within the group.
The remainder is organized as follows. Section 2 briefly reviews the literature on university-and inter-firm partnerships in R&D. Section 3 presents data and summary statistics.
Section 4 describes the econometric model and the identification strategy. Section 5 reports estimation results, while Section 6 presents some concluding remarks.
Overview of the literature
Innovation is among the main drivers of firms' performance and understanding the factors that contribute to an increasing innovative effort has been in the economic agenda for a long period of time. Over this period, the nature of innovation has changed, becoming increasingly demanding in terms of workers' skills and complementarities across different disciplines. This means that entering research cooperation agreements is gaining increasing importance as a way of sharing knowledge and promoting innovations (Cohen et al. 2002) . This topic has originated much interest in recent years and several contributions have analysed motivations and firm's characteristics that affect the propensity to engage in research agreements. The importance has also been recognised at the policy level and governments across the OECD have launched initiatives to promote cooperation between university research and industries (Laursen and Salter 2004 ).
According to the transaction cost theory, firms will perform research in cooperation with other partners to share risks, costs and competencies involved in an R&D project (Williamson 1985, Segarra-Blasco and Arauzo-Carod 2008) . Risk is always a large component of R&D activities whose returns (and profitability) are highly uncertain. The presence of asymmetric information between the firm performing R&D and the investors raises the cost of financing R&D and affects the likelihood of obtaining funds from external sources (Hall and Lerner 2009 ).
Cost sharing is particularly important among small and medium sized enterprises (SMEs), which do not always have enough internal funds or collaterals to support their innovative activities (Becker 2014). Cooperation can mitigate the impact of these costs, as well reducing transaction costs via a better control and monitoring of technology transfer. The reciprocal nature of the relationship can also minimize opportunistic behaviours (Belderbos et al. 2004 ).
Another motivation which has been widely discussed in the literature is the importance of cooperation for technology transfer across different agents, i.e. as a way of channelling knowledge spillovers. There is general agreement among scholars that knowledge spillovers are important as they contribute to the innovative process and to productivity performance (Jaffe 1986 , Griliches 1992 . But the presence of spillovers reduces the appropriability of research output and can lead to a low level of investments in innovation. The industrial organization literature focuses on this aspect and emphasizes the importance of striking a balance between information sharing and appropriability within research cooperation agreements. Existing results for Belgium show that the benefit from the cooperation increases when spillovers are particularly high. Firms will try to limit free-riding behaviours, both within and outside the agreement, by controlling the flow of information. In fact, even when participating to an R&D cooperation agreement the company has to control the amount of information shared with other partners through some strategic tools of protection; this will increase appropriability and hence the propensity to cooperate (Cassiman and Veugelers 2002) . Additionally, increasing incoming spillovers between research partners has been found to raise the profitability and the stability of cooperation (Kesteloot and Veugelers 1995) . Results for France, partially support the view that spillovers matter for cooperation. However, proxies for the (contractual) information flows, such as budget spent on paying license fees and patents, have a positive effect on cooperation (Negassi 2004) .
Motivations can differ depending on the type of partner involved in the agreement.
Universities are driven by the search for funding that can foster further research opportunities.
Firms are particularly driven by the commercialization of new ideas, via the creation of new products or processes (De Fuentes and Dutrenit 2012) . However, with the exception of some industrial sectors such as biotechnology (Laursen and Salter 2004) , university research does not always directly translate into new products or services (Pavitt 2001) . Hence, although appropriability issues are less relevant in the relationship between firm and university, differences in objectives and the nature of academic research can be a hindrance to this type of cooperation, and can make the outcome of the research partnership more uncertain. Veugelers and Cassiman (2005) claim that the gap between universities' and firms' objectives is particularly large in Europe, where only a small fraction of innovative enterprises use universities and public research laboratories as input in their innovation process. 1 Nevertheless, cooperation between firms and universities has been found to play a particularly important role in countries specialized in low-technological industries. SegarraBlasco and Arauzo-Carod (2008) discuss this issue in relation to Spain, concluding that cooperation between firms and Spanish universities is an important vehicle to increase innovation effort in this country and aid the catching up process with the rest of Europe. Lopez (2008) also claims that the cost-sharing motive is a very important factor in Spain because of the lack of external private finance and venture capital. Acs et al. (1994) also show that SMEs effectively utilize the results of university research to introduce new products into the market.
University-firm collaboration is only one method that the company can exploit to improve knowledge transfer. As discussed in Kaiser (2002) , among others, firms can in fact establish R&D partnership with competitors (horizontal cooperation) and with suppliers and customers (vertical cooperation). The main purpose of competitor cooperation is to reduce costs and risks associated with developing some new technologies; conversely, customer cooperation is targeted to bring adapted or improved products to the market, whilst supplier cooperation is more focused on cost reduction. Appropriability concerns differ according to the agent involved in the agreement, being more relevant in cooperation with competitors than with other agents (Belderbos et al. 2004 ). The literature has also shown that cooperation with different partners usually complements each other (Veugelers and Cassiman 2005) . For example, evidence for the UK supports this claim as firms that use different external sources of knowledge (competitors, suppliers and customers) also tend to use university research more intensively (Laursen and Salter 2004) .
There are also some firms' characteristics that affect the decision to participate to an R&D agreement. These are closely related to the factors that affect the propensity to innovate and have been discussed widely in the literature (see the recent surveys by Vivas and Barge-Gil 2014, and Becker 2014) . An important determinant of research cooperation is the availability within the firm of the appropriate skills and knowledge necessary to take advantage of the innovation produced elsewhere, i.e. the firm's absorptive capacity (Cohen and Levinthal 1989) .
Previous innovation experience and previous involvement in R&D cooperation are both considered to positively affect the probability of initiating a new cooperation (Negassi 2004, Laursen and Salter 2004) . R&D intensity is frequently found to have a positive impact on the propensity of firms to use universities in their innovative activities (Larsen and Salter 2004) .
The size of the firm has a positive and significant effect on cooperation as large firms are generally more attractive to other partners than small firms (Tether 2002 , Negassi 2004 , Laursen and Salter 2004 , Belderbos et al. 2004 and they are more able to combine both internal and external knowledge in their innovation strategy (Veugeler and Cassiman 1999) . The evidence is consistent across different countries (Miotti and Sachwald 2003 , Negassi 2004 , Lopez 2008 . 2 However, small firms can particularly benefit from research cooperation as, in isolation, they are unable to compete with large firms in terms of resources. For example, Motohashi (2005) finds that cooperative R&D agreements are becoming particularly important for small firms in Japan. He observes that over the period 1995-2000 SMEs were reducing the dependence of Japan's system of innovation on in-house R&D conducted within large corporations. From a policy point of view, providing support to small firms to enter research agreement can be beneficial for a country's innovative effort (Czarnitzki et al. 2007, Hottenrott and Lopes-Bento 2014) .
Among the factors that promote cooperation, industry affiliation also plays an important role. Firms that operate in skill intensive sectors are more likely to cooperate, particularly with universities or research institutes. For example, Veugelers and Cassiman (2005) show that 
Data

Description
We use data from the public release of the"European Firms in a Global Economy" (EFIGE) survey, which provides harmonised information on nationally-representative samples of manufacturing firms in seven EU countries: Austria, France, Germany, Hungary, Italy, Spain and the United Kingdom. Our main goal is to identify the key determinants of R&D cooperation with universities and research institutions, using two specifications: the propensity to cooperate and the intensity of R&D projects performed in partnership. Our analysis also recognises that university cooperation agreements are not the sole component of a company's innovation strategy. Unlike the Community Innovation Survey, which is the data source of most papers in the field, the EFIGE dataset does not distinguish R&D partners between competitors, customers and suppliers.
However, we are able to consider cooperation with companies belonging to the same business group or with unaffiliated firms.
The dependent variable in the analysis of R&D cooperation propensity is a binary indicator of the firm's decision to undertake projects in collaboration with universities (DRDUNI), with unaffiliated firms (DRDOTH), or with firms within the same business group (DRDGRO). These decisions are not mutually exclusive as the firm may pursue a multiple cooperation strategy. The intensity of R&D cooperation is proxied by the ratio of this R&D investment to firm's turnover. This variable is constructed for collaborations with universities (PRDUNI), external companies (PRDOTH) and group members (PRDGRO).
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The EFIGE survey provides information from which we build proxies for key determinants of R&D cooperation, such as appropriability conditions and incoming knowledge spillovers, and to control for a much broader set of firm's characteristics than in earlier studies.
When research output cannot be fully appropriated or knowledge spillovers are generated by technological collaborations, firms are stimulated to cooperate. Conversely, by collaborating, firms might lose their proprietary knowledge because of information leakages in favour of R&D partners. Following Veugelers and Cassiman (2005) we assess the impact of appropriability conditions by looking at whether the company uses legal instruments to protect innovation and by considering the industry-level effectiveness of the legal framework on intellectual property firm operates. For more detailed information on the EFIGE dataset see Altomonte and Aquilante (2012) . 4 This choice is motivated by the fact that information on relevant explanatory variables (like appropriability and spillover measures) is available for R&D active firms only. As Belderbos et al. (2004) point out, since we do not correct for a possible sample selection bias on R&D participation, our results only refer to R&D active firms. 5 Specifically, binary indicators of cooperation propensity are based on questions C20 and C23 of the EFIGE questionnaire, while the intensity of each R&D cooperation type is obtained by combining information on firm's R&D investment (question C21) and R&D composition (questions C22 and C23). rights (IPRs). Appropriability at the firm level is measured by a variable indicating whether the company exploited patents, trademarks, industry designs or copyrights to protect innovation (APPROF). This variable is built by summing up a set of dummies created for each form of protection, and is rescaled so that it ranges from 0 (no protection) to 1 (all forms of protection).
Legal appropriability conditions in the market (APPROI) are measured by the industry-bycountry mean of APPROF: the rationale is that the larger the number of firms protecting innovation, the stronger is the legal regime of IPRs protection. Notice that APPROI is taken at country and industry level as IPRs regimes change (de jure) across countries but their enforcement is (de facto) more stringent in those industries in which patents, trademarks, etc. are more effective in protecting innovation (see Aghion et al. 2014 ).
Under imperfect appropriability, innovation may generate an outflow of knowledge from R&D performers to other firms, a situation that can promote cooperation. To control for this effect, we adopt proxies for incoming knowledge spillovers and account for the source-specific nature of knowledge generated by various forms of R&D collaboration. Specifically, we consider the industry-by-country percentage of companies engaging in each form of R&D collaboration, as the more numerous the collaborating firms, the higher the probability of knowledge transfers and information leakages. INSPGRO is the percentage of firms undertaking within-group R&D collaborations, whilst INSPEXT refers to companies cooperating with external units (both unaffiliated firms and universities). For completeness, we also include the industry-by-country percentage of companies undertaking internal R&D activities (INSPINT). As these firms do not necessarily cooperate, the impact of this variable on R&D collaborations is uncertain.
The endowment of an internal knowledge base promotes R&D cooperation because it facilitates the absorption of knowledge generated by others and it allows the firm to correctly assess the potential of research partnership, in terms of technological opportunities, costs, profitability, etc. On average, the effect of absorptive capacity is stronger for firms which are involved in basic R&D and cooperate with universities, and weaker for those companies establishing technological cooperation with competitors due to a higher risk of knowledge leakages (Cassiman and Vuegelers 2006; Belderbos et al. 2004 ). We approximate the firm's endowment of internal knowledge with the share of R&D workers on firm employment (RDINT).
The role played by obstacles to innovation is accounted for by two dummy variables, which capture costs and risks associated with research projects (COST and RISK). COST identifies firms that consider regulation, lack of appropriate finance or personnel and organizational rigidities as main obstacles to innovation. These factors raise the cost of research and the need to share these costs can promote cooperation. The variable RISK identifies those companies indicating excessive economic risks, lack of information on markets, and the lack of customer responsiveness to new products, as main impediments to research engagement.
Although a higher risk should increase firms' propensity to collaborate in R&D, the impact of this variable has been found to vary greatly in relation to the nature of technological collaboration. For instance, risk constraints are found to increase the probability of cooperation (Czarnitzki et al. 2014) , as successful innovators may become the market leader and increase their market share. This distortion is more plausible in home markets dominated by one or few big firms (national champions), or in small niche market.
To assess the nature of the prevailing competitive strategy, we use the percentage of companies that compete on product prices, i.e. stating that the price of their products is set by the market (PCOMP), and the percentage of innovative sales, which can be used as a proxy for product quality competition (QCOMP). All these variables, measured as industry-by-country means, avoid the potential estimation bias associated with the firms' subjective evaluation of competition, which characterizes works based on CIS data.
We also consider a broad set of firm's characteristics. Generally, innovation activities and R&D collaborations impose high fixed costs of setting up research labs and accessing ad-hoc funds, which only larger firms can afford (Cassiman and Vuegelers 2002) . Also, large firms may be engaged in multi-product productions or deal with multiple technologies and, hence, have greater incentives to undertake R&D cooperation. We control for firm size using the level of firm employment, expressed in logs (SIZE), and we assess the presence of non-linear effects by introducing the square of employment (SIZE2). The style of firm management may also determine both the nature and the intensity of R&D partnership and hence we consider a dummy variable indicating whether the firm adopts a decentralised decisional pattern (DEMANAG).
These companies are expected to establish more research agreements as they adopt practices for performance monitoring, target setting and incentives, which altogether favour profit-seeking activities such as R&D (Bloom et al., 2014 ).
An additional characteristic that we include in our analysis is the age of the firm.
Although younger firms are generally considered to face higher organizational and financial barriers when engaging in external R&D agreements, they may also be more sensitive to the opportunities offered by collaborating in specialised research niches or in emerging technological fields. For example, dynamic start-ups are particularly capable of transferring university research into commercial innovation and universities support the creation of such start-ups by providing human capital and scientific competences (Laursen and Salter 2004) . As a result, it is not easy to predict the impact of age on R&D cooperation, especially if one controls for firm size and managerial practices. In the regression analysis, we consider two dummy variables identifying firms less than 6 years old (YOUNG) and those aged between 7 and 20 years (MEDAGE). 6 Belonging to a business group influences how the firm organises internal activities and interacts with other firms. This effect clearly depends on the nature of the leading firm (national or multinational) and on how R&D tasks are planned and managed within the group, i.e. whether they are concentrated in few companies or spread out across different R&D active units.
Affiliated firms can usually draw on larger resources, although this does not necessarily imply that they have higher opportunities to cooperate (Belderbos et al. 2004) . As in Bolli and Woerter (2013), we use a dummy variable to indicate foreign ownership (FOROWN). To fully account for the degree of firm internationalisation we also construct a dummy that indicates whether companies are active abroad due to importing, exporting, offshoring or FDI activities (ABROAD). The use of FOROWN and ABROAD should guarantee that COMPINT, as described above, genuinely captures the intensity of foreign competition faced by the firm.
We also assess how the financial structure of the firm influences the way R&D activities are organized. Financial resources available to the firm usually rise with its size due, for instance, to a greater cash-flow or having more tangible assets to collateralize. Moreover, companies may differ in how they exploit external funds (bank credit, bonds, stock market, etc.). There is some evidence documenting that firms largely dependent on external finance innovate more, and grow faster, than those relying on internal resources (Brown et al. 2009 (Brown et al. , 2012 . We therefore include a dummy identifying firms using external sources to finance their (general) activities (EXTFIN).
Finally, we account for whether firms that benefit from public support for R&D engage more in technological collaborations. On average, these firms are more aware of risks and costs of innovation, and better evaluate returns to R&D cooperation. However, we note that R&D public support weakens financial constraints, hence reducing the firm's incentives to cooperate (Belderbos et al. 2004 ). We consider two types of public incentives to R&D, namely R&D tax credit and R&D subsidy. Fiscal incentives are systematic policy instruments consisting of tax discounts proportional to the amount spent by the firm for carrying out R&D (labs, researchers, scientific equipment, etc.); in practice, firms anticipate funds to perform R&D and then claim tax deductions from liabilities. Conversely, R&D subsidies are discretionary measures that reflect the awarding criteria chosen by the public agency arranging the R&D programme. To be eligible for the R&D grant, applicant firms might also be forced to cooperate with other R&D active units (Czarnitzki et al. 2007, Hottenrott and Lopes-Bento 2014) . Therefore, we expect that R&D subsidies are more likely to affect the choice and the intensity of research cooperation, while fiscal incentives might not influence firms' decisions to cooperate. We measure the impact of both types of R&D public support with two dummy variables, denoted by RDSUB and RDTAX. Table 1 shows descriptive statistics. Our sample of innovating firms is composed mainly by companies localised in Italy (22%), Germany (21%) and France (20%). The number of Austrian and Hungarian companies is rather low and the performance of these countries may be somewhat 7 A full description of the variables used in the regression analysis is provided in Table A.1 of the Appendix. biased. On average, 9.6% of firms undertake research projects in collaboration with universities.
Summary statistics
This percentage ranges from 20.7% in Austria to 6.6% in France. The propensity to collaborate within the business group is higher than any other mode of R&D cooperation (17.5% for the total sample), especially for British companies (24%). Establishing R&D cooperation agreements with unaffiliated firms is clearly more problematic, especially when these involve competitors, as appropriability concerns become more severe. This explains why the number of firms involved in this type of technological collaborations is low (5%). Only firms in Austria and France reveal a relatively high propensity towards R&D cooperation with unaffiliated firms (between 8 and 10%).
EU firms do not significantly differ in terms of R&D intensity, as measured by the ratio of research expenditure to sales (7.2% for R&D active firms). Notably, Germany stands out for the highest share of turnover spent for formal innovation (8%). The intensity of cooperation with universities, as the share of turnover of the firms engaged in such type of cooperation, is less than 2%. Amongst the largest economies (which are better represented in the sample), this percentage rises to 2.02% in Italy and 2.54% in Spain. The intensity of R&D collaboration is higher for external partnerships, namely 3.22% with unaffiliated firms and 2.76% with affiliated firms.
Average values for the explanatory variables are reported in Table 2 . Some brief points are in order. Firstly, firms engaging in R&D agreements with universities are more R&D intensive, make a wider use of IPRs tools and are very active abroad. Moreover, these companies rely more on external sources of finance and take larger benefits from R&D public support, either in the form of direct funding or fiscal incentives. Secondly, companies collaborating in R&D with unaffiliated firms adopt less decentralized management practices, are less active abroad and are more dependent on external finance. Lastly, the size of companies involved in within-group R&D cooperation are considerably larger than the rest of the sample. These firms are more likely to be foreign owned and to decentralise decision-making.
Empirical model
Specification
We investigate the drivers of firm R&D collaborations with universities, in relation to the other forms of R&D partnership, in terms of the propensity to cooperate and the intensity of cooperation efforts. To account for unobservable factors that may simultaneously influence how companies organise external R&D, we estimate a system of three equations in which each dependent variable corresponds to a type of R&D cooperation, namely, cooperation with universities, with unaffiliated firms and within the business group (Belderbos et al. 2004, Bolli and Woerter 2013) . Assuming a common set of determinants, each equation is expressed as:
( 1) with i, c and j denoting firm, country and industry, respectively. y im is the outcome indicator observed on the m-th type of cooperation. This indicator is expressed as a binary variable in the estimation of the cooperation propensity; in the analysis of cooperation intensity, the indicator represents the ratio of R&D investment performed in partnership over firm turnover. The set of explanatory variables in equation (1) 
is the trivariate cumulative standard normal distribution, are sign variables (equal to 1 or -1 depending on whether the binary dependent variable is equal to 1 or 0) and the covariance matrix R has elements defined as (for ).
The log-likelihood function of the trivariate probit model is given by and can be evaluated by means of maximum 8 A fully simultaneous multivariate model (i.e., a model in which each R&D cooperation indicator also enters the other cooperation equations of the system as an explanatory variable) would be more appropriate to disentangle complementarity/substitutability effects from residual correlations. Though, this approach is unfeasible for the present analysis due to the lack of valid restrictions on the parameters (and support) of error terms. These restrictions are necessary to rule out regions of incoherency/incompleteness and ensure parameter identifiability (Lewbel 2007 Similar to the analysis of cooperation propensity, we jointly model the determinants of cooperation intensity for the three different forms of technological collaboration. To accommodate for the fact that the dependent variables are censored at zero, and to allow for cross-equation correlation, we consider a trivariate Tobit system (Amemiya 1974). As its univariate counterpart, this system is based on the assumption that censoring is governed by the same stochastic process determining the value of the dependent variables, and can be formalised as follows: (4) y im now represents the intensity of the m-th cooperation type, and the error terms are 
where is the multivariate normal probability density function. The previous expression represents a portion of the likelihood function with a r-dimensional definite integral, which does not have a closed form solution and has to be evaluated numerically. As for the multivariate probit, estimation of the trivariate Tobit system is performed with MSL methods. 
Endogeneity issues
The empirical models outlined above assume that all covariates are exogenous with respect to the firm's choice to cooperate. This hypothesis may be too strong and estimates may be biased in presence of reverse causality or simultaneity feedbacks. To avoid these problems, we adopt a 9 The MSL estimation procedure is based on the Geweke-Hajivassiliou-Keane (GHK) multivariate normal simulator, with 200 random draws for each observation. Estimation has been carried out using the Stata conditional mixed process estimator (CMP) developed by Roodman (2011) . 10 The GHK multivariate normal simulator, with 200 random draws for each observation, is used to obtain MSL estimates of the trivariate Tobit model. full-information approach and consider a mixed-process system of equations, which combines the trivariate probit (or Tobit) model with additional reduced-form equations for the potentially endogenous regressors. This estimation strategy is more efficient, despite being potentially less robust and computationally more complex, than limited-information and two-stages approaches commonly used in earlier studies (see, e.g., Veugelers and Cassiman 2005; Belderbos et al. 2004 ).
Within this mixed-process system, a formal test of endogeneity can be obtained by Following previous studies, we focus on two potentially endogenous (firm-level) explanatory variables: internal knowledge (RDINT) and appropriability (APPROF). Firms may exploit technological knowledge and managerial expertise developed in research collaborations to increase returns to in-house R&D. As a result, these companies may be induced to allocate further resources to internal research projects. In this case, causality would run from R&D cooperation to internal knowledge. Similarly, when research collaborations bear breakthrough innovations, which have the potential for further technological developments or immediate market exploitation, the firm is more likely to use IPRs tools to appropriate returns to research.
Appropriate exclusion restrictions have to be imposed to improve identification of the system. A set of factors, assumed to be orthogonal to R&D cooperation forms, is thus included in the equations of potentially endogenous regressors (RDINT and APPROF). In addition, to better assess the impact of internal knowledge on R&D cooperation, we include the average value of R&D intensity of the firms localised in the same NUTS administrative area of the company. 11 This variable should capture regional variation in the conditions which make it profitable to invest in R&D, namely a better higher education sector, a more efficient government, 12 better communication infrastructures, a more structured credit system, etc. As discussed below, this proximity indicator (denoted by RDREG) is unrelated to the firm's attitude to cooperate in R&D as we adopt spillover proxies that are more relevant for this type of company decision. Therefore, RDREG can be safely used to predict the effect of internal knowledge on R&D cooperation (RDINT).
The impact of appropriability is predicted by the number of banking relationships, used here as a proxy for the firm's attitude to disclose confidential information. Companies fearing the loss of proprietary knowledge usually diversify their relationship with banks and other financial institutions (Hernández-Cánovas and Köeter-Kant, 2010). This strategy aims to prevent possible leakages of confidential information, preserve decision-making independence, and reduce rent appropriation by banks, which characterize single-bank relationships (Detragiache et al., 2000) .
It is reasonable to expect that firms with multiple-bank relationships adopt conservative strategies in technological knowledge management and protect their innovation by legal mechanisms. Hence, in addition to sales' reduction, we use the number of banking relationships maintained by the firm (NBANKS) as a predictor of appropriability.
11 For each firm, we compute a regional mean of R&D intensity excluding the value of its RDINT. 12 For instance, regional governments may facilitate firm R&D by efficiently managing EU regional funds for competitiveness, technology and employment targets. Table 3 shows estimates for the multivariate probit model. 13 The table displays the marginal effects of the explanatory variables obtained after controlling for the endogeneity of firm knowledge (RDINT) and appropriability capacity (APPROF).
Results
The Probability of cooperating in R&D
In the Appendix, we report the reduced form estimates, together with the residual correlation coefficients between the reduced-form and structural equations of the system (Table   A. 3). The reduced form estimates indicate that instruments significantly influence, and with the expected impact, both internal knowledge and appropriability. 14 The residuals' structure of such estimates reveals that significant correlation exists only between the equations for R&D intensity and for R&D partnership with unaffiliated firms ( ). Conversely, appropriability is exogenous to all cooperation choices. Based on these results, our estimates for R&D cooperation probabilities are obtained imposing this "structure" of endogeneity on the multivariate mixed-process model.
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Results in Table 3 show that all pair-wise residual correlations are significant and positive, suggesting that there is complementarity between R&D cooperation choices, and that university cooperation cannot be analysed separately from the other forms of collaboration. Our findings indicate that internal knowledge, appropriability and incoming spillovers significantly influence the probability of participating in an R&D cooperation agreement, even though these factors have a differentiated impact on cooperation types. R&D intensity (RDINT) positively influences the decision to cooperate with universities and with other firms, but this variable has no effect on cooperation among firms belonging to the same business group. 16 Within group 13 All regressions use sampling weights and robust standard errors clustered at the regional (NUTS1 or 2) level. 14 Instruments are jointly significant with LR test statistics equal to 11.88 (p-value = 0.002) and 25.46 (p-value = 0.000) in the equations for R&D intensity and appropriability, respectively. The appropriateness of instrumental variables is further assessed by testing their exogeneity with respect to R&D cooperation choices. To this aim, we adopt the "informal" approach devised by Evans and Schwab (1995) : we include the instruments, together with R&D intensity and appropriability indicators, in all the cooperation equations and then test for their joint significance. Results indicate that instrument exclusion cannot be rejected, with p-values equal to 0.4953, 0.6992 and 0.2227, respectively. 15 Estimates of the multivariate mixed-process model with unconstrained covariance structure (i.e., assuming both internal knowledge and firm appropriability as endogenous), not reported but available from the authors, show a substantial efficiency loss. 16 In the exogenous model (see Table A .2), R&D intensity is insignificant in the equation for cooperation with unaffiliated firms, suggesting that our treatment of endogeneity helps remove important measurement errors in such cooperation is more likely to be determined by the leader company, its technological capabilities and management practices. The insignificance of firms' R&D intensity for within-group R&D cooperation would suggest that the bulk of R&D activities are concentred in few companies and only minor research tasks are assigned to affiliates, irrespective of their knowledge base.
Better appropriability conditions (APPROF) stimulate firms' engagement in R&D collaboration with universities and unaffiliated firms, as they are likely to reduce the extent of outgoing spillovers (Abramovsky et al. 2009 ). Conversely, the degree of enforcement of IPRs (APPROI) is negatively related to R&D agreements with unaffiliated firms. A high effectiveness of the IPRs system usually discourages free-riding behaviours and stabilizes cooperative agreements; however, strict legal protection of innovation output also limits the scope for internalizing information flows, reducing technological collaborations (Lopez, 2008) .
Another valuable finding in our analysis concerns the importance of knowledge spillovers in raising the probability of cooperating. The propensity to establish R&D agreements with universities rises with the amount of knowledge created within external collaborations, taken as whole (institutional cooperation and cooperation with unaffiliated firms). However, the impact of external knowledge appears slightly larger for the probability of R&D cooperation with unaffiliated firms (0.55 vs 0.43). Notably, the share of firms performing in-house R&D (INSPINT) is unrelated to R&D cooperation. This suggests that information leakages generated by such firms are irrelevant for the decision of the other companies to undertake external research projects.
Among obstacles to innovation, only cost factors (COST) are found to significantly stimulate firms to cooperate in R&D. This effect is limited to research agreements with universities and unaffiliated firms, corroborating the view that the characteristics of the leader company prevail over cost and risk factors in shaping collaborations within the business group.
Our indicators of market structure indicate that the intensity of market competition influences firms' participation in R&D collaborations with institutional partners, such as universities or research centres. More specifically, the propensity to engage in institutional R&D agreements increases with the competitive pressure of the industry (COMPINT). This suggests that, via university cooperation, companies aim to obtain breakthrough innovations while, at the variable that, otherwise, would attenuate towards zero the parameter.
same time, avoiding knowledge leakages to competitors. Given the general nature of knowledge underlying institutional research projects, firms are less inclined towards these collaborations when competition is based on product quality improvement (QCOMP), which mainly relies on applied research and incremental innovation. Price competition (PCOMP) does not exert a significant impact on any form of cooperation. The insignificant effect of price competition on external group R&D partnerships may be due to the opposite effect that this explanatory variable has on collaborations with customers, suppliers and competitors that are considered altogether in our analysis.
Further interesting insights emerge from the assessment of other firms's characteristics.
Firm size is crucial for all cooperation types. 17 There is also evidence that management practices allowing for decentralized decision-making (DEMANAGE) are associated with a greater engagement in technological collaborations with universities and, comparably, with affiliated companies. Within-group collaborations involve more middle-aged firms and fewer young firms (MEDAGE and YOUNG). The fact that younger companies have no preferential attitude to cooperate in R&D suggests that their difficulties mostly derive from a lack of financial resources and managerial competences (Laursen and Salter 2004) . These arguments are corroborated by the significance of the dummy for external finance dependence (EXTFIN). On average, firms using external funds are more prone to external research collaborations. Conversely, this financial condition is unrelated to R&D partnerships among affiliated firms as fund transfers may be arranged within the group by the leader company, limiting the dependence of affiliates on external finance. The leadership of a multinational group (FOROWN) is influential for the organization of R&D tasks across group members. Foreign-owned firms are not necessarily active in international markets with imports, exports or other activities. This explains why ABROAD is not significant for within-group R&D cooperation. On the other hand, internationally active firms are more prone to undertake university cooperation; perhaps, these companies have greater awareness of the potential offered by the international market, in terms of commercial purposes or knowledge transfers, and therefore seek to develop breakthrough innovations in collaboration with institutional partners.
A wide heterogeneity emerges in the impact of R&D policy instruments. R&D cooperation is unaffected by fiscal incentives to R&D (RDTAX) due to the automatic nature of such instruments, which do not alter firm incentives to innovate and to initiate technological collaborations. Rather, there is some (weak) indication that firms benefiting from R&D tax credits have a lower propensity to cooperate with external group firms, probably because they are less financially constrained. A different picture emerges for direct R&D funding (RDSUB).
On average, firms receiving R&D subsidies are more likely to establish research collaborations with universities and unaffiliated companies. Finally, country effects mainly influence collaboration with universities and with firms external to the business group. In particular, firms in Austria and Germany have a higher propensity to establish research agreements with universities, while companies in France, Germany, Hungary, Italy and Spain cooperate less with unaffiliated firms, compared to the reference country (UK).
Intensity of R&D cooperation
As a novel contribution to the literature, we estimate the impact of our set of explanatory variables on the intensity of R&D performed in cooperation. Table 4 reports the marginal effects on the conditional intensities of R&D cooperation obtained from the trivariate Tobit system, after addressing the endogeneity issues. 18 Estimated correlations of unobservables across equations indicate the presence of complementarity also in the intensity of R&D cooperation forms, which is particularly significant between collaborations with universities and with unaffiliated firms.
Most variables influencing the probability of cooperation are also found to affect the extent of technological collaborations. This finding suggests that these factors not only lead firms to reach the critical threshold to initiate R&D cooperation, but also explain variation in their cooperative effort. There are nonetheless a few interesting differences with respect to the probit estimates. Although firm size positively affects the effort in each cooperation form, the magnitude of this effect is larger for within-group collaborations. Also, the proportion of R&D performed with universities is not significantly higher for firms active abroad. Albeit these 18 Coherently with multivariate probit results, estimates of reduced form equations reported in Table A .5 show that there is endogeneity only between internal knowledge and R&D performed in cooperation with unaffiliated firms ( ). Our instruments are jointly significant in the equations for R&D intensity and appropriability, with LR test statistics equal to 12.57 (p-value = 0.002) and 24.27 (p-value = 0.000), and do not significantly affect R&D collaboration decisions as their exclusion from cooperation equations cannot be rejected, with p-values equal to 0.3240, 0.3226 and 0.3565, respectively. companies are more likely to explore new ways to increase competitiveness through R&D collaborations with universities, probably they do not have the competencies necessary to engage intensively in such research projects. Furthermore, and consistently with the results in Table 3 , estimates in Table 4 indicate that firms benefiting from R&D tax credit cooperate less in R&D with unaffiliated firms (i.e., customers, suppliers and competitors), as they are likely larger, less financially constrained and with more research experience (Busom et al. 2012 ).
Because of lower appropriability concerns, knowledge circulates more easily among firms belonging to the same business group, increasing the share of R&D that these companies perform together. The magnitude of this spillover effect (INSPGRO) is between 40 and 80% as large as the one estimated for external knowledge on the intensity of R&D cooperation with unaffiliated firms and universities. A unitary increase in the spillover measure (i.e. the percentage of firms involved in a given cooperation type) raises the intensity of R&D cooperation within the group by 4.3%, the intensity of university cooperation by 2.4% and other R&D collaborations by 3.1%. The stimulus of internal knowledge (RDINT) is much higher for cooperation with unaffiliated firms than for university cooperation, in line with the results of the probability model (Table 3) . Focusing on the impact of market competition on university R&D cooperation (COMPINT), the effect of competitive pressure appears sizeable, as an unitary increase in this variable (to say from 54 to 55% of firms facing foreign competitors) causes a 0.75% increase in the intensity of institutional cooperation. However, this effect is counterbalanced by the impact exerted by product quality competition. To mimic the strategy of analysis followed by Bolli and Woerter (2013) , who find an inverted U-shaped relation between university cooperation and price competition, and an U-shaped relationship with quality competition, we also included the square of PCOMP and QCOMP, but these quadratic terms were insignificant (and hence omitted). Another interesting finding is that there are systematic differences also in the intensity of R&D cooperation between firms localised in different countries, with Austrian and German companies being more intensively engaged in institutional R&D agreements. This is consistent with Cunningham and Link (2014) who document that large cross-country differentials persist in Europe in R&D collaborations between universities and the business sector. This variation can be largely explained by the university deficiency of R&D funds and infrastructures, as well as by the firms' concern about the loss of their intellectual property. All these factors reduce the extent of university-firm R&D collaborations, whilst the collaborative effort is higher when universities can more easily access business-sector R&D facilities.
Overall, our analysis shares some traits with Carboni (2012) who estimates the determinants of total expenses on R&D collaboration (in per worker terms) on a sample of Italian manufacturing firms over the period [2001] [2002] [2003] . Differently from such work (and abstracting from the sample composition), we are able to distinguish between the intensity of R&D cooperation types and treat them jointly in a multiple-equation system. Our study also addresses the endogeneity issue of the main explanatory variables.
Concluding remarks
Following the literature on R&D cooperation choices, this paper has investigated the drivers of university cooperation among EU firms. Our analysis has accounted for possible complementarity or substitutability effects between institutional R&D partnerships and alternative cooperation strategies, i.e. technological collaborations with firms belonging to the same business group or with unaffiliated companies. Furthermore, we have addressed endogeneity issues associated with the main determinants of R&D cooperation (internal knowledge and appropriation abilities).
The paper makes some important contributions to the literature. First, to our knowledge, this is the first study investigating the drivers of the intensity of R&D cooperation. Second, the analysis exploits information from a novel dataset (EFIGE) that provides richer information on firm characteristics than the Community Innovation Survey (i.e., the main data source for the studies in the field). Third, the examination of the drivers of R&D cooperation uses variables which do not reflect the firms' subjective assessment of relevant sources of knowledge and protection methods, thus limiting reverse causality problems.
Our empirical model is sufficiently general to explain quite well both the propensity and the intensity of firm cooperation in R&D with different partners. We find that European firms perform a larger share of R&D in cooperation with research institutions, the larger their knowledge base and appropriation abilities. Incoming spillovers are another crucial factor determining the extent of university cooperation. Firms' effort in university cooperation increases with the costs of innovation and with the competitive pressure of the market (except when competition is based on product quality improvement). On average, larger firms and those relying on external finance or public R&D funding perform a larger proportion of their research in partnership with universities. Veugelers, R., Cassiman, B., (2005) ,R&D cooperation between firms and universities. Some empirical evidence from Belgian manufacturing. International Journal of Industrial Organization 23(5-6), 355-379. Notes: Robust standard errors, clustered at the regional level, are reported in parentheses below the estimates. p-values of the joint significance of country fixed effects are reported in square brackets. All estimates are obtained using sample weights. ***, ** and * denote significance at 1, 5 and 10 percent levels, respectively. Notes: Robust standard errors, clustered at the regional level, are reported in parentheses below the estimates. p-values of the joint significance of country fixed effects are reported in square brackets. All estimates are obtained using sample weights. ***, ** and * denote significance at 1, 5 and 10 percent levels, respectively. Notes: Robust standard errors, clustered at the regional level, are reported in parentheses below the estimates. p-values of the joint significance of country fixed effects are reported in square brackets. All estimates are obtained using sample weights. ***, ** and * denote significance at 1, 5 and 10 percent levels, respectively. 
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